N94-20511

New technique for oil backstreaming contamination measurements
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Due to the large size and the number of diffusion pumps, space simulation chambers cannot be
easily calibrated by the usual test dome method for measuring backstreaming from oil diffusion
pumps. In addition, location dependent contamination may be an important parameter of the
test. We have measured the backstreaming contamination in the Space Power Facility (SPF)
near Sandusky, Ohio, the largest space simulation vacuum test chamber in the U.S.A. We used
small size clean silicon wafers as contamination sensors placed at all desired measurement sites.
The facility used diffusion pumps with DC 705 oil. The thickness of the contamination oil film
was measured using ellipsometry. Since the oil did not wet uniformly the silicon substrate, two
analysis models were developed to measure the oil film: (1) continuous, homogeneous film and
{2) islands of oil with the islands varying in coverage fraction and height. In both cases, the
contamination film refractive index was assumed to be that of DC 705. The second model
improved the ellipsometric analysis quality parameter by up to two orders of magnitude,
especially for the low coverage cases. Comparison of the two models for our case shows that the
continuous film model overestimates the oil volume by <50%. Absolute numbers for
backstreaming are in good agreement with published results for diffusion pumps. Good
agreement was also found between the ellipsometric results and measurements done by x-ray
photoelectron spectroscopy (XPS) and by scanning electron microscopy (SEM) on samples
exposed to the same vacuum runs.

I. INTRODUCTION

The Space Power Facility (SPF) near Sandusky, Ohio is
the largest vacuum space simulation test chamber in the
U.S.A. The SPF was designed to simulate space environ-
ment over a wide range of thermal and vacuum conditions
for testing advanced propulsion and space power systems.
SPF’s unique size and high vacuum pumping capacity have
facilitated testing of complete spacecrafts, two-stage me-
dium weight rockets, and upper atmosphere phenomena
with minimal wall effects. The facility is operated by
NASA Lewis Research Center. Starting in 1994, the Space
Station Freedom (SSF) program will require testing of the
SSF electrical power system hardware in a simulated space
environment. The SPF was chosen for the tests. One of the
concemns of testing the SSF electrical power system hard-
ware is the possibility of contaminating the test article,
with a possible subsequent reduction in performance. One
of the very important possible contamination sources is oil
backstreaming, especially of diffusion pump oil. However,
other contamination sources, both organic (e.g., from lu-
bricants and paints) and inorganic (e.g., dust particles)
can also contribute. Due to the large size of the SPF vac-
uum chamber and possible temperature gradients, the con-
tamination is expected to be location dependent.

_This work was initiated to obtain a reliable quantitative
estimate of the contamination in the SPF in a space simu-
lation test. The usual method of measuring oil backstream-
ing, i.e., the test dome method, could not be used due to the

chamber size. Several techniques' have been tried, namely
ellipsometry, x-ray photoelectron spectroscopy (XPS), re-
sidual gas analysis (RGA), nonvolatile residue (NVR)
wipe samples, and scanning electron microscopy (SEM).
This paper will report in detail the results obtained by
ellipsometry. This technique gave location dependent
quantitative results which were in qualitative agreement
with the XPS and SEM data. To date, the other two meth-
ods {(RGA and NVR) were not pursued beyond the initial
tests and were not used in the final contamination estimate.

The paper is divided into three parts: experimental, re-
sults, and discussion. A short description of the SPF and
the ellipsometric technique will be given in the experimen-
tal part. The second part describes the results obtained
using two ellipsometric models, namely the island and the
continuous film models, as function of position. The last
part includes a discussion of the two models for analyzing
the ellipsometric data, and an evaluation of ellipsometry
versus the other techniques used in the SPF contamination
experiments.

. EXPERIMENTAL

The Space Power Facility (SPF) vacuum chamber has
a 100-ft (30.5-m) diameter and a 121-ft (36.9-m) height.
1t offers the user 800 000 cubic feet (22 653.477 m*) of
usable unobstructed volume. The vacuum system consists
of 32 48-in.-diam liquid nitrogen (LN) baffled diffusion
pumps mounted in the chamber floor. The diffusion pumps
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are backed by a five-stage roughing train consisting of four
stages of roots blowers in series and a single stage of three
rolary-piston-type mechanical vacuum pumps in parallel.
Under dry, clean, empty conditions, the chamber will
achieve a pressure of 10~7 Torr., The pumpdowns con-
ducted during this test program yielded a chamber pres-
sure of § X 10~ ° Torr without complete LN flow to the
baffles. The samples for ellipsometry consisted of small
clean silicon wafers that were positioned at a variety of
locations inside the vacuum chamber. Commercial silicon
wafers were cut into roughly 1X1-cm pieces and were
thoroughly cleaned for possible organic and inorganic con-
tamnination using the following procedure: boiling tri-chlo-
roethylene, boiling acetone, boiling methanol, 30-s dip in
1:10 HF: H,0, and rinse with deionized water. These sili-
con pieces will be named slides in this paper. For each
vacuum pumpdown, slides were located within 2 ft of each
diffusion pump and at eight other locations throughout the
chamber, at different orientations and distances from the
diffusion pumps.

The ellipsometer used in this work is a variable angle
spectroscopic unit that was described previously and will
not be repeated here.? For a detailed description of ellip-
sometry, see Ref. 3. The instrument measures changes in
the polarization of monochromatic light upon reflection
from the sample in terms of the ellipsometric parameters
¥, and A, (or tany, and cos A,). Here 1, and A, are
defined by

tan Y% =R,/R, )

where R, and R; are the complex effective reflection coef-
ficients for light polarized parallel and perpendicular to the
plane of incidence, respectively. The measurement of i,
A, is repeated at a variety of wavelengths (in the range of
3200-7500 A) and angles of incidence (mostly 75%). The
usual method of estimating the thicknesses d; of one or
more overlayers on a substrate when the complex refrac-
tive index of all the films and the substrate are known
consist of two steps. First, R, and R, are calculated® as-
suming continuous, homogeneous films with interfaces
parallel to each other and to the substrate. Using Eq. (1),
the calculated values ¢, and A, are estimated. In the sec-
ond step, a least square minimization procedure is used to
find the values of d; that minimize the function

o=(N-P)-} X [(tan ¢, —tan ¢, )2

R
+ (cos A,; —cos A, )Y (2)

The summation is over all N experimental points, i.c., all
wavelengths and angles of incidence. P is the number of
free parameters, d; in this case. In the oil contamination
work, several slides, unexposed to the vacuum, were used
as reference. They were analyzed in terms of crystalline Si
(c-Si) with a SiO, overlayer, using published results for the
complex refractive index versus wavelength.*’ We ob-
tained SiO, thicknesses in the range of 22-34 A, but the
values of o were higher than expected for a perfect SiO,
film. However, we used this structure as the composite
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substrate in all our analyses, as it was not the accuracy
limiting factor in this study. The oil contaminated samples
were analyzed in two ways. First, we assumed a continuous
oil film and used the procedure outlined above to find the
thickness of this layer on top of the composite substrate.
The oil used in the diffusion pumps was Dow Corning 705
(DC 705), which according to the published data® has a
refractive index of 1.579. This oil has very small absorption
in the wavelength range of 3200-7500 A used here,’ and
thus the constant 1.579 value was used. Some of the results
showed very poor fits to this simple model with rather
large o values. In parallel, a scanning electron microscope
(SEM) was used to observe the morphology of the con-
taminated samples. The SEM pictures show a discontinu-
ous coverage of the slides. Thus, a second ellipsometric
model was used, namely the islands’ model.®® In the is-
lands’ model, the characteristic dimensions, i.e., the islands
sizes and the interisland distances, are assumed to be much
larger than the light wavelength. Thus, one of the main
assumptions of the most common model for the optical
behavior of a mixture, namely the effective medium
approximation'® (EMA) is violated, and thus EMA and
the islands’ model do not overlap. In the islands’ model, we
also assume that the characteristic dimensions are smaller
than the coherence length of the incident light.” Thus, the
reflectivity of the islands and the bare substrate will be
independent, but will have to be added up due to the large
light coherence length. Both these assumptions are well
obeyed in the oil contamination samples for light in the
visible and a spectral width of 20 A. A detailed discussion
of the conditions required for the application of the islands’
model to the oil contamination problem as compared to the
EMA will be given elsewhere.!! We found that the EMA
model is not applicable in this particular case. In the is-
lands’ model, the reflected light from the overlayer covered
composite substrate and the bare surface are superimposed
in a coherent way, ie.,

Rv=f-Rv,t+ (l "'f)Rv,b- (3)

Here v = p or s polarizations, R, . and R, are the reflec-
tion coefficients for the covered and bare surface, respec-
tively, and f is the fraction of the surface covered by the
overlayer.

HI. RESULTS

Four pumpdowns were performed, with the following
durations in hours: 28, 74, 100, and 72. Silicon slides were
located at 39 points in the SPF vacuum chamber for each
one of the 28-, 74-, and 72-h runs, and at 12 points for the
100-h run. The 32 diffusion pumps were divided into two
groups: 16 in the north group and 16 in the south group.
Besides the 32 slides located by the diffusion pumps, 7
others were located at important points in the chamber,
e.g., east and west doors, top center, crane, RGA location,
and others. An example of the way results were summa-
rized is given in Table 1. The example shows the ellipso-
metric analysis results for the 32 slides located by the 32
diffusion pumps: slides 1-16 are in the south side group
and slides 17-32 are in the north side group. Besides the



TanLE I. Ellipsometrically determined oil contamination of all diffusion pumps in the SPF, using two analysis methods.

Continuous film

Islands’ model

Pump

number a(10-7) d () o (10-%) t (A) s f (A)
1 0.626 220 0.316 268 0.7070 189.3
2 318 55.5 0023 562 0.0743 4173
3 0.167 301 0.083 322 0.8948 287.8
4 0.439 338 0.427 347 0.9552 3314
5 0.178 240 0.112 259 0.8759 226.7
6 164 724 0.029 524 0.1002 5246
7 0.133 366 0.088 383 0.9349 357.6
8 1.56 256 1.41 286 0.8061 230.8
g 1.38 88.9 0.039 312 0.2066 64.48
10 1.10 113 0.025 276 0.3043 81.93
1 419 137 0.132 453 0.2049 92.86
2 2.24 193 119 335 0.3959 1327
13 1.23 282 0.937 322 0.7761 249.9
14 114 284 1.14 289 0.9681 279.3
15 0.746 282 0.550 314 0.8206 2519
16 5.66 90.2 0.094 586 0.1106 64.77
17 1.70 34.6 0.029 597 0.0448 26.75
18 5.03 101 0.503 542 0.1284 69.59
19 2.60 287 1.06 401 05119 2053
20 3.97 279 112 465 0.3795 176.5
21 5.61 199 0.643 511 0.2469 126.2
2 0.467 366 0.175 411 0.8406 3455
23 6.53 207 110 538 0.2343 126.0
4 7.24 152 0.805 576 0.1690 97.34
25 1.52 95.8 0.162 323 02115 68.31
26 0.444 310 0.283 339 0.8589 291.2
27 6.76 141 0.767 563 0.1628 91.66
28 2.00 39.2 0.042 602 0.0498 29.98
29 273 55.9 0.052 545 0.0762 41.53
k"] 147 848 0.400 491 0.1201 58.97
31 4.51 116 0.677 494 0.1570 71.56
32 3.08 78.4 434 0.1139 55.13

0.358

pump number, Table I has the following columns: the con-
tinuous film trigonometric mean square errors (trig MSE)
o, and thicknesses d; and the islands’ model results, namely
the trig MSE o, the average island height ¢, the island
coverage fraction f, and the parameter - f. The ¢- f param-
eter, measured in A, is the equivalent oil thickness ob-
tained in the islands’ model, and should be compared with
the continuous film thickness d. We will use the -/ pa-
rameter as an effective oil thickness throughout this paper.
Table I clearly shows that the values of o for the continu-
ous film model are higher by up to two orders of magnitude
as compared to those obtained using the islands’ model.
However, above f=0.70, the islands’ model converges
into the continuous film model, giving almost the same o
values. A graph of the o (trig MSE) values versus the
islands fraction for the samples in Table I is given in Fig. 1.
It shows that the islands’ model gives good fits to the ex-
perimental data at all coverage fractions £, but the quality
of the fits is really excellent for f values at or below ap-
proximately 0.10, with o at or below 10~ 2. These excellent
fits were also obtained for the 28-h run where all 39 sam-
ples had f<0.10. In this short run, the islands’ model o
values were in therange 4 X 107 °< 0 < 2.5 X 10~ * For
comparison, the continuous film model for the 28-h run
gave the range 3 X 1074 < 0 < 1.7 X 10~% A more

detailed quantitative comparison of the two models used
here will be given elsewhere.!°
A SEM picture of one of the slides (No. 32 in Table I}
is given in Fig. 2. Several important results were obtained
from the SEM picture: (1) Oil contamination gives a dis-
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FiG. [. Trigonometric mean square error (trig MSE) ¢ vs the islands
coverage fraction f obtained using the continuous film and the islands'
models, for the slides given in Table I.
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FiG. 2. Scanning electrén microscope (SEM) picture of an oil contaminated slide showing the islands’ structure.

continuous film that covers the substrate in the form of
disconnected islands. (2) The coverage value obtained by
ellipsometry (0.114) is in good agrcement with a visual
estimate of 0.1. (3) The ideal islands’ model is not com-
pletely applicable, as a small part of the islands start to wet
the substrate and/or do not maintain their original shape.
We repeated the SEM work on some of the slides several
months later, and the number of broken up islands grew
considerably. In addition, most of the higher coverage sam-
ples have a larger percentage of nonideal islands morphol-
ogy. This fact explains the higher values of o obtained for
these samples, as shown in Fig. 1.

Practical application of this method for discontinuous
film effective thickness measurement will be enhanced if a
simpler model is used. Many ellipsometers can measure the
thickness of one continuous film. In Fig. 3 we compare the
results of the effective thickness 1+ f measured in the 72-h
“proof of performance” run versus the results for the
thickness d obtained from the continuous film analysis on
the same slides. We can clearly see two regimes: large and
small thicknesses, and a crossover. As expected, at very
high coverage fractions, i.e., near the continuous film re-
gime with £50.70, corresponding to films with thicknesses
d over 220 A, the slope of the curve approaches I. This

result is reinforced by another measurement. In addition to
the work on the SPF, we tested other vacuum chambers. In
one of these tests, highly contaminated samples show con-
tinuous film coverage. For example, one sample had the
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FIG. 3. The effective thickness /¢ as determined from the islands’ model
vs the continuous film model thickness d for the 72-h run.
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following results: continuous film model d = 229.1 A and
g = 2.5 X 1077, islands’ model 1= 228.2 &, f = 1.008,
and 0 = 2.4 X 1077 In this case, the islands’ model is
clearly not needed, although it converges to the correct
answer, and it corresponds to a slope of 1 in Fig. 3. The
small thicknesses regime in Fig. 3 corresponds to small
coverage fractions and to a more ideal islands structure.
Figure 3 clearly shows a linear dependence of ¢-f on d, for
d <100 A. We also examined the ¢-f versus d relationship
for the 28-h run and the result is shown in Fig. 4. A com-
pletely linear dependence was obtained, with a slope of
0.77 and a correlation coefficient of 0.990 showing excel-
lent linearity. As will be shown in the discussion part, this
result is only applicable for oil contamination work using
our experimental 3200-7500-A wavelength range.

Other observations obtained from analyzing the ellipso-
metric results were:

(1) The slides from the 28-h run had the thinnest films
of all four pumpdowns. This run gave an average ¢-f value
of 15.7 & versus thicknesses of over 150 A for other runs.
In addition, this run has also the lowest deposition rate.

(2) The south side diffusion pump slides show more
contamination than the north side group. For example, in
the 72-h run, the south side pumps have an average ¢ f
value of 184 A versus only 118 A for the north side group.

(3) The oil films thicknesses decrease as the distance
from the diffusion pump increases. For example, in the
72-h run, the slides by the diffusion pumps have a 151-A
average thickness versus only 34.2 A for the other seven
slides.

(4) Backstreaming rate was calculated directly from the
thickness of the oil films on the slides by the diffusion
pumps, the length of the run and the oil density.® For the
three long runs an average backstreaming value of 0.37
X 10 =% mg/cm?*/min was obtained. In contrast, the short
28-h run gave only 0.1 X 10~ °® mg/cm?/min backstream-
ing rate.
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1V. DISCUSSION

This part is divided in two main sections: (1) Compar-
ison of ellipsometry to other oil contamination character-
ization methods used in the SPF calibration work, and its
applicability for backstreaming estimates. (2) Discussion
on the applicability of the continucus film results to quan-
titative oil contamination analysis.

Comparison of the ellipsometry work with SEM results
was already discussed. Comparison with XPS is rather
complex, as XPS is an excellent technique for characteriz-
ing the type of contaminant, but not as good in estimating
the depth of the film. Ellipsometry and XPS are comple-
mentary techniques. In the SPF work, the conclusions
from the XPS analysis'? compared to ellipsometry were the
following:

(1) The oil contamination is probably DC 705, as Si
peaks were observed. In the ellipsometry work we used this
result, i.e., it was an assumption.

(2) For all samples, both the substrate and the silicon
oil contamination were observed simultaneously, by XPS,
denoting incomplete coverage. In eilipsometry, the islands’
model gave much better fits than the continuous film
model, pointing to the same result.

(3) The short 28-h run gave almost undetectable silicon
oil by XPS. Ellipsometry gave an average thickness (i.e.,
t-f value) of 15.7 A for the slides near the diffusion pumps,
and 7.4 A for other locations, accompanied by a very small
( f<0.10) coverage.

(4) The presence of silicon oil contamination by XPS
decreased as distance from the diffusion pumps increased.
This result was also found by ellipsometry, as given in the
“results™ part.

(5) XPS shows that the south diffusion pump group
had more silicon oil than the north group. This result was
also found by ellipsometry, and it was consistent, i.e., it
was measured for all four pumpdowns. Even in the case of
the 28-h run, the south group had an average thickness
(i.e., - f value) of 19.7 A and the north group only 11.7 A.
Thus, an excellent agreement was found between XPS,
SEM, and ellipsometry: XPS gave more information on the
type of contamination, SEM showed the islands-type mor-
phology, and ellipsometry gave the effective thickness and,
thus, the backstreaming rate.

The backstreaming calculated from the ellipsometrically
determined film thicknesses 7- f will now be compared with
published data obtained for oil diffusion pumps using DC
705 and baffles. The present average result of 0.4
X 107% mg/cm?/min is lower than the value 5.3
X 10~% mg/cm?/min reported by Hablanian'? on a 6-in.
diffusion pump, but is in excellent agreement with the re-
sults obtained by Langdon and Fochtman.' In Ref. 14, a
chevron-baffled diffusion pump gave backstreaming .values
in the range 0.1-1.0 X ~® mg/cm?/min, with most of the
pumpdowns giving values around 0.5 X 10~ %/cm?/min.
The SPF also uses chevron-baffled diffusion pumps. How-
ever, an additional parameter should be considered in the
backstreaming comparison and it is the oil molecules’
sticking cocfficient. The average backstreaming rate of
0.4 X 10~ % mg/cm?/min is based on a sticking coefficient



near unity for the oil molecules that strike the silicon slide.
As the sticking coefficient deviates from unity, the mea-
sured backstreaming rate would deviate from the actual
rate. Additional work is required to quantify the sticking
coefficient. A sticking coefficient would be required for
both the oil molecules on silicon slides and oil molecules on
oil.

We will now discuss the general applicability of the re-
sults shown in Figs. 3 and 4 for the continuous film to
quantitative oil contamination analysis. We checked the
universality of the experimental slope {0.77) found in Fig.
4 using a simulation. Assuming an ideal oil islands’ model,
we calculated ¢, and A, in the wavelength range 3200~
7500 A for films with different values of z (300 A<r<500
A) and f (0.02<f<0.15), on top of a 22-A SiO, on ¢-Si
substrate. From these ¢, A, values we calculated, using a
least square fit, the thickness d of a continuous oil film and
the accompanying 0. We obtained a completely linear ¢ f
dependence on d, with a slope of 0.74 and a correlation
coefficient of 0.9999 for the linear fit. The values of the
calculated o changed in a similar way to the experimental
ones, i.e., increasing very fast with increasing coverage
fraction f. This comparison with theory again shows that
our oil contamination samples with low values of f, are
closely described by the ideal islands’ model. However, the
calculated value of 0.74 for the slope is not universal. We
recalculated the same ¢-f versus d dependence by simula-
tion, using two wavelength ranges: 3200-5300 and 5301-
7500 A. We found only approximate linear dependencies,
with slopes of roughly 1.1 and 0.5 for the two wavelength
ranges, respectively, and for /<0.1. In conclusion, the con-
tinuous film model generally gives only a rough approxi-
mation for the value of the effective oil thickness, and prob-
ably an crror by a factor of 2 is possible for low coverage
fractions. However, for our experimental range, the con-
tinuous film approximation is much better, and errors are
smaller than 50%.

We will now comment on the anomalous low ¢- f values
for two points in Fig. 3. These points have continuous film
thicknesses d near 300 A. These two points correspond to
coverage fractions of 0.51 and 0.38, whereas all other
points with d> 240 A have £0.78. This result shows that
in the f range around 0.5, the - f versus d graph also
depends on f. It turns out that the north and south diffu-
sion pump groups gave slightly different types of islands,
with the north group average island height of 429 A (stan-

162

dard deviation 86 A), while the south group had an aver-
age 1 = 365 A (standard deviation 107 A). Thus, the two
groups do not have the same morphology versus thickness,
and the crossover between the islands’ model and the con-
tinuous film occurs at different values of the continuous
film thicknesses.

V. CONCLUSIONS

A new technique for measuring oil backstreaming and
other contamination in large vacuum chambers was dem-
onstrated, namely ellipsometry. This technique can mea-
sure thicknesses of both continuous films of contaminants
as well as discontinuous, island type of deposits. This last
type was found in the DC 705 oil backstreaming experi-
ment in the SPF. In either case, an a priori knowledge of
the (complex) refractive index of the contaminants is re-
quired. This method is quantitative and it shows excellent
agreement with results obtained by XPS and SEM. For an
accurate determination of the contamination, the islands’
model is required. However, relatively good estimates of
backstreaming can be obtained by the simplest ellipsomet-
ric model of a single continuous contamination film.
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